A simple lift-off process was developed to rapidly fabricate nanopatterned photofunctional surfaces. Dye molecules of a perylene derivative (PDID) were adsorbed irreversibly on clean silicon through the holes of an electron-beam lithographied polymer mask. The subsequent removal of the mask in a proper solvent results in PDID nanosized regions of width as small as 30 nm for stripes and of diameter as small as 120 nm for dots. Numerical analyses of atomic force microscopy and laser-scanning confocal microscopy images show that the dye molecules are confined to the regions defined by the lithographic process, with the integrated fluorescence intensity being essentially proportional to the size of the nanofeatures. This demonstrates that a simple organic lift-off process compatible with clean-room technology, and not involving any chemical step, is able to produce photofunctional nanopatterned surfaces, even though the dye is not chemically bonded to the silicon surface.
Introduction
Chromophores are molecules able to absorb light, and eventually, to fluoresce or to transfer the captured energy to neighboring molecules [1] . Therefore, they are essential components for the fabrication of artificial mimics of photosynthetic systems [2] , and more generally of photovoltaic or luminescent devices [3] . In this respect, and considering the strong spatial dependence of energy or electron transfer processes, it is useful to develop methods able to precisely position chromophores down to the nanometer scale. This would for instance permit one to build nanoengineered functional devices displaying a capability to collect light energy at some specific location and to use it for another spatially separated process, or to emit light from specific positions following a cascade of spatially separated events.
In this context, we have previously reported the fabrication of nanopatterned fluorescent surfaces, where coumarin dyes are grafted at specific spatial locations on a silicon wafer, in regions of nanometer size [4] . This was achieved by local grafting of a functional silane, in a process combining gas phase silanation with electron-beam lithography (EBL). In a subsequent step, the coumarin molecules are reacted on the silane layer to form a covalently bound layer of coumarin molecules in the pre-patterned silane regions. Although efficient, this method is slow since it requires many hours of reaction, and the grafting density of the molecules remains limited. Here, we present an alternate methodology to form nanopatterned chromophoric surfaces, where the dye is simply adsorbed through a lithographied mask, giving rise to the rapid fabrication of nanostructured fluorescent surfaces (scheme 1).
There have been numerous examples of patterned surfaces fabricated by combining lithography with monolayer assembly. In most cases, the method involves the formation of a specific chemical bond between the surface and the molecules, providing a good resistance of the molecular layer to subsequent processes such as resist washing. In contrast, we are interested here in simply adsorbing a monolayer of molecules without the formation of a chemical bond with the substrate. This process is more versatile than the ones requiring specific bonding, and is also potentially much faster. However, it is not obvious that the simple adsorption of an ultra-thin layer of small organic molecules can be used to prepare nanopatterned functional surfaces. Indeed, following adsorption, the mask and molecules adsorbed on it should be lifted off without dissolving the layer of molecules adsorbed in the holes of the mask (scheme 1). This requires one to use molecules strongly interacting with the surface of the substrate. For this reason, we have selected polycyclic aromatic hydrocarbon dyes, which have been the focus of many recent works due to their strong native fluorescence, sensitivity to the local environment, and strong photobleaching resistance. A number of fluorescent polycyclic aromatic hydrocarbons have been immobilized on a variety of substrates, including pyrene [5] , anthracene [6] , and chrysene [7] on oxide and metallic substrates. Among the different polycyclic aromatic hydrocarbons derivatives, of particular interest are those derived from 3,4,9,10-perylenetetracarboxylic diimide (PDI). PDI-derived compounds have been used in a variety of applications, such as in solar cells [8] , molecular switches [9] , lasers [10] , and in electroluminescent [11] and electrochromic devices [12] . The excellent performance of PDI derivatives against photobleaching has been demonstrated extensively by single molecule measurements [13] [14] [15] . In the present study, we have more specifically selected a PDI derivative substituted by two amine end groups (PDID, inset of scheme 1). The platelet shape of PDID, and the presence of amine end groups which can hydrogen-bond to the hydroxylated native oxide layer of a silicon wafer, should promote strong and possibly irreversible adsorption of this molecule on a clean silicon wafer. In this paper, we characterize the structure of layers of PDID adsorbed on silicon, and show how such adsorbed layers can be confined to nanometric dimensions using a simple and rapid organic lift-off process. We then record and analyze the fluorescence properties of such nanoconfined fluorescent adsorbed dyes.
Experimental details

Materials and chemicals
The structure of the chromophore used for this study, a perylene diimide derivative (PDID), is shown in the inset of scheme 1. It was synthesized as described by Frederoff et al [16] .
The purity of the product was checked by 1 H-NMR and mass spectrometry. Hydrogen peroxide (35%), sulfuric acid (98%), toluene, tetrahydrofurane (THF), chloroform and isopropanol were purchased from Sigma Aldrich (Spectrometric grade when possible) and used as received. The anionic PMMA resist (Mn = 142 000 g mol −1 ; Mw = 160 000 g mol −1 ) was obtained from Polymer Source (ref: P1409); for spin-coating, it was dissolved in toluene (20 g ml −1 ), and filtered onto PVDF filters (Millipore, pore size 0.22 μm). One-side polished 475 μm thick silicon wafers were obtained from ACM (Applications Couches Minces, France) with (100) orientation; they were cut into squares of 1.5 cm side. The silicon substrates covered by a 1.5 nm thick native oxide layer were cleaned by immersion in a hot freshly prepared piranha solution (H 2 SO 4 /98%, H 2 O 2 /7:3 (v/v)). Caution: piranha solutions are strongly oxidizing and should not be stored in closed vessels. After cooling, the substrates were abundantly rinsed with deionized water and dried under a flow of ultrapure Ar (grade 5.5 from Air Products).
Adsorption of PDID on bare silicon substrates
A saturated solution of PDID in isopropanol was prepared and filtered onto PVDF filters (Millipore, pore size 0.22 μm). The clean silicon wafers were then dipped in this solution for 1 h, rinsed first with pure isopropanol, then washed in a Soxhlet apparatus with THF or chloroform for 24 h, and finally dried under a stream of nitrogen. The samples were stored in the dark until use. [17] All processes were conducted in a class 1000 clean room. A PMMA film of 95-100 nm thickness was spin-coated on the wafers (anionic PMMA resist, average molar mass (by number) 142 000 g mol −1 , average molar mass (by weight) 160 000 g mol −1 , obtained from Polymer Source, ref: P1409; dissolved in toluene, HPLC grade from Acros (20 g ml −1 )), then annealed at 170
Electron-beam lithography (EBL)
• C for 12 h. EBL was performed with an XL 30S Philips scanning electron microscope (field emission gun) supplemented with an Elphy Plus lithographic system. In order to locate the nanopatterns easily, a set of square frames of 42 μm side (500 nm line thickness) was first drawn in the PMMA resin, then etched in the silicon wafers by anisotropic SF 6 plasma. After wafer cleaning, a second PMMA film was deposited and annealed, and EBL was performed within the frames according to different settings and parameters. The size of writing fields was selected to be 50 × 50 μm 2 , with 5 mm working distance between the lens and the sample. The electron beam was focused by the observation of so-called contamination dots. The dwell time parameter was adjusted during the lithography depending on the expected size of the nanopatterns. The development of the exposed regions was performed in isopropanol:methyl isobutylketone 1:3 vol:vol for 90 s. The masks were then rinsed in isopropanol for 30 s, then in ultrapure water for 5 min. They were finally exposed to an oxygen plasma (30 s, 50 W, in a Technics Plasma 300 Plasma System) to remove contaminants in the developed regions.
Nanopatterned PDID surfaces
Nanopatterned chromophore surfaces were obtained by combining EBL with adsorption of PDID (scheme 1). After lithography, the samples were exposed to PDID by immersion for 1 h in a saturated solution of PDID in isopropanol prepared as described above, then rinsed in pure isopropanol and dried under a stream of nitrogen. The PMMA mask was then washed away by a stream of chloroform or THF as in a usual lift-off process. The sizes of the patterned areas were obtained from a titanium lift-off performed on a second, similar sample processed in parallel [17] . This process consists of the evaporation of titanium (10 nm layer thickness) on the nanolithographied mask followed by the dissolution of the PMMA mask. The substrate bearing the so-obtained titanium nanopattern was then characterized by scanning electron microscopy (SEM).
Characterization of homogeneous PDID layers
X-ray photoelectron spectroscopy (XPS) measurements were performed on a SSX 100/206 photoelectron spectrometer from Surface Science Instruments (USA) equipped with a monochromatized micro-focused Al Kα x-ray source, as described fully elsewhere [18] . In the conditions used, the fullwidth at half-maximum (FWHM) of the Au 4f 7/2 peak of a clean gold standard sample was about 1.6 eV. The C-(C, H) component of the C 1s peak of carbon was fixed to 284.8 eV to set the binding energy scale. The CasaXPS program (Casa Software Ltd, UK) was used to decompose the N 1s peak in the sum of three Gaussian/Lorentzian (85/15) functions and of a linear baseline. Molar fractions were calculated using peak areas normalized on the basis of acquisition parameters and sensitivity factors provided by the manufacturer.
X-ray reflectivity (XRR) measurements were carried out with a Siemens D5000 two-circle goniometer (0.002
• positioning accuracy) mounted on a copper rotating anode fitted with a secondary graphite monochromator (λ = 1.5418Å, 40 kV, 300 mA). The divergence of the beam was fixed by a 40 μm wide slit placed 17 cm away from the focal spot. The sample was placed within 2 μm of the center of the goniometer and the reflected beam was collected through a 200 μm wide detector slit. Soller slits in the incident and reflected beam limited axial divergence to 0.02
• . The data were corrected for spillover and normalized to unit incident intensity; they are reported as a function of K z0 , the vertical component of the photon wavevector in air. The data were analyzed using methods described previously [19] .
Front face steady-state fluorescence spectroscopy measurements were performed with a Fluorolog-3 spectrofluorometer (Jobin Yvon Spex system from Instrument S.A., Inc., USA), with excitation and emission slits of 4 nm nominal bandpass, a PMT voltage of 1000 V, and no polarizer.
Characterization of nanopatterned dye layers
Atomic force microscopy (AFM) images were recorded at room temperature in air with an Autoprobe CP (Park Scientific Instrument) using a 100 μm close-loop scanner. The images were obtained in contact mode (C-AFM) using a four quadrant photodetector to simultaneously measure the vertical deflection and the lateral torsion of the cantilever, giving access to both the surface topography and the tip-surface friction force (lateral force microscopy, LFM). Silicon Ultralevers ® (Thermomicroscopes) with a nominal spring constant of 0.25 N m −1 were used. Only a second-order line-by-line flattening procedure was applied to the AFM images. The images were analyzed by home-made routines running in the Wavemetrics Igor Pro environment.
Laser-scanning confocal microscopy (LSCM) images were obtained with an inverted microscope (Olympus IX71) equipped with a scanning stage (Piezo E710.3CD, Physik Instrumente). Circularly polarized 488 nm light from a pulsed laser was introduced into the microscope and focused by an oil immersion objective lens (Zeiss, numerical aperture 1.3, ×100, ∞/0.17). The laser was a coherent Mira 900F laser, pumped by a Verdi 10 W, delivering pulses of 130 fs; the repetition of the Mira was reduced to 3.8 MHz with a Coherent Pulsed-Picker 9200 and the frequency was doubled by a Mira 9300 harmonic generator. The fluorescence emission was collected by the same objective, passed through a dichroic mirror (495DCLP, Chroma Technology), and focused through a 100 μm pinhole. The fluorescence emission was recorded with an avalanche photodiode (SPCM-AQR-14, SPAD, Perkin Elmer), and LSCM images were constructed via an ADwinGold counter board. At the same time, the fluorescence emission from different areas was registered by a timecorrelated single photon counting PC Card (SPC 630, Becker & Hickl), using FIFO (first-in, first-out) mode [20] . This way, fluorescence decay curves of selected regions of interest can obtained. The decay curves were deconvoluted with the instrument response function and analyzed as a sum of exponential terms as described elsewhere [21] . Due to the high reflectivity of the substrate, the specular reflection generates a very short decay time contribution in every fit. This short lifetime was not taken into account.
Results and discussion
Irreversible adsorption of PDID on silicon substrates
The solubility of aromatic diimides in most solvents is usually low in both aqueous and organic solvents. The problem of solubility is particularly important for PDI derivatives which have extended aromatic ring systems. Nevertheless, PDID was found to dissolve easily in isopropanol or toluene, most probably due to its amino-propyl side chains (scheme 1). The absorption spectra of PDID in these solvents (data not shown) are very similar to those reported for other PDI derivatives in their monomeric form [22] and show a well-resolved vibrational structure. Likewise, the fluorescence spectra of PDID in these solvents also display a well-resolved vibrational band structure (table 1) which is strongly reminiscent of the emission bands of the pure perylene monomer and corresponds to the S1-S0 transition (dipole moment parallel to the long axis of the molecule) [23] . No spectral changes corresponding to aggregation were observed in the fluorescence spectra.
The solubility of the substituted PDID permits one to deposit a PDID layer on a bare silicon wafer by adsorption from an aggregate-free saturated isopropanol solution. After adsorption and washing with chloroform for 24 h in a Soxhlet, the presence of an adsorbed layer was confirmed by XPS (data not shown) [18] : the spectra displayed C 1s and N 1s peaks having 8 as area ratio ([C]/[N] ), close to the theoretical value of 8.5 of the PDID molecules. Front face steady-state fluorescence microscopy measurements also confirmed the adsorption of PDID molecules. The excitation and the emission spectra of PDID adsorbed on silicon are shown in figure 1(a) . These spectra have the mirror-like symmetry characteristic of perylene and substituted perylenes in solution [21] , which indicates that the spectral properties of adsorbed PDID are essentially unaffected by adsorption. The fluorescence emission spectrum shows a well-resolved vibrational structure with maxima at 544, 584, 640 nm (shoulder) and 670 nm (broad). The three bands at 544, 584 and 640 nm correspond well to the bands recorded for the molecule in dilute solution, which are located at 532-538, 572-577, and 623 nm (the exact location depending on solvent nature, table 1), which demonstrates the presence of non-aggregated adsorbed PDID molecules. The broad and redshifted 670 nm band should be attributed to the formation of aggregates, because the aggregation of the chromophore eases excimer formation by positioning the chromophores in closer proximity to each other [24] . If the sample is extracted with THF instead of chloroform (Soxhlet for 24 h), the fluorescence emission spectrum now only reveals maxima at 544, 584, and 640 nm (shoulder) ( figure 1(a) ). The absence of the band at 670 nm suggests that the quantity of aggregates has decreased in favor of isolated monomers, because THF would partially dissolve the layer of adsorbed PDID molecules.
The thickness of the adsorbed PDID layer was obtained by x-ray reflectometry (XRR). The reflectograms of a clean bare wafer display the expected continuous decrease of reflectivity versus the vertical component of the photon wavevector in a vacuum, K z0 ( figure 1(b) ). For the sample with adsorbed PDID (THF washing), the reflectivity exhibits a negative peak resulting from destructive interference of the beams reflected at the substrate/film and film/air interfaces. Using the thin-film approximation d ∼ = π/(2.K z0min ) [19] , where K z0min is the K z0 value corresponding to the first minimum in the reflectogram, the thickness d of the PDID layer was determined to be 0.7 nm only. This value is significantly lower than the longer length of the PDID molecule (2.1 nm), indicating that the molecules tend to lie flat on the surface, as expected. Figure 1(c) is an LSCM fluorescence image of a THFwashed PDID layer adsorbed on a bare silicon wafer. The fluorescence is uniform, showing that the PDID distribution on the surface is homogeneous. The distribution of the decay times recorded by LSCM is depicted in the inset of figure 1(c) . It contains data from 20 different regions of the surface. Gaussian fits of the distribution yield a peak value of ∼3.4 ns. This lifetime is shorter than when measured in dilute chloroform solution (4.88 ns [25] ). The origin of this behavior is not clear at this stage, but it seems to be a general phenomenon, since similar results have been reported in the literature for perylenedodecanoic acid [26] , pyrene [27] , and a coumarin derivative [4] . A possible explanation is that the spatial gradient in the dielectric permittivity of the system along the interface normal would be responsible for the decrease of the lifetime [26] . The results obtained by XPS, XRR, fluorescence, and confocal microscopy thus converge to the conclusion that PDID adsorbs on silicon surfaces from isopropanol solutions, and is not fully displaced by extraction with THF or chloroform.
The reason for the strong interaction between PDID molecules and the surface can be obtained by a detailed analysis of the XPS N 1s peak of the PDID layer. This asymmetric peak can be separated into three symmetric peaks at 402.6, 400.6 and 399.6 eV ( figure 1(d) ). The spectral decomposition into three peaks was the only possibility in agreement with a reasonable full-width at half-maximum for a N 1s component, which was maintained constant for all components at 1.7 eV [28] . The area ratio based on the peak areas is 1:2:1. The strong central peak corresponds to the two imide nitrogens of the PDID molecule [29] (scheme 1), and the peak at 399.6 eV can be assigned to ternary nitrogen atoms [30] . However, the intensity of this peak is only half the expected intensity based on the molecular structure of the chromophore (scheme 1). The remaining intensity is shifted to the peak at 402.6 eV, corresponding to cationic nitrogens. This suggests that a strong acid-base interaction is established between half the tertiary amine groups of PDID and the acidic silanol groups of the native silicon oxide layer of the silicon wafers. This non-covalent interaction leads to the at least partial ionization of the amine and silanol groups, which explains the remarkable stability of the adsorbed chromophore molecules.
Nanopatterned surfaces of adsorbed PDID
Because the simple adsorption of PDID is able to provide rapidly chromophoric layers of good quality, we selected this process for the fabrication of nanopatterned fluorescent surfaces (scheme 1). The starting surfaces were prepared by combining electron-beam nanolithography of PMMA with adsorption of PDID from isopropanol (section 2). Since isopropanol is not a solvent of the PMMA resist, the adsorption of the dye takes place on silicon through the holes of the mask, when the nanolithographied mask is exposed to the PDID isopropanol solution. The PDID dye was thus adsorbed into dots and stripes of various sizes, with a repeat period larger than the resolution limit of the confocal microscope to permit optical imaging. After rinsing with pure isopropanol, the PMMA mask was dissolved by a stream of THF (flow from a pipette). However, it was found by confocal microscopy that the THF treatment resulted in the partial spreading of PDID over the whole silicon surface, consistent with the previous observation that THF is able to dissolve aggregates of adsorbed PDID. This problem was solved by replacing THF by chloroform, which is a less good solvent for PDID as testified by the presence of aggregates after extensive washing (see above).
AFM images of an array of so-prepared PDID nanodots are shown in figure 2. On the topographic image ( figure 2(d) ), slight hints for the presence of dots of PDID molecules are observed. However, the height contrast is very weak and is even lost at specific locations of the sample. In some cases, as shown in the inset of figure 2(d) , the dots are on the average lower than the surrounding background. This indicates that a molecularly thin layer of PMMA remains on the silicon after a short washing with chloroform (this is not the case when PMMA is washed away with an acetone Soxhlet, as demonstrated previously [17] ). The presence of this residual PMMA layer prohibits using the topographic information of AFM images, or standard chemical micro-analysis methods, to visualize the nanopatterns. In contrast, on the AFM lateral force images (figures 2(a), (b)), the dots are easily observed. Since the contrast is reversed between the trace and the retrace scans, the tip experiences a difference in friction force when dragged on the PMMA-contaminated silicon oxide substrate and on the adsorbed PDID layers. This contrast arises from the visco-elastic and chemical difference between the dots and their PMMA-contaminated background [31] . The transition from dot to background occurs over less than two pixels in the insets of figures 2(a), (b), corresponding to less than 40 nm, which shows that the dot is not blurred by dye spreading during the lift-off process. This is confirmed by the analysis of the line-edge roughness of the nanodot, which was obtained by computing the standard deviation of the difference between the local value of the radius and its average value (inset of figure 2(a) ), after thresholding the lateral force images. A standard deviation of 19.2 nm is obtained, identical to the pixel size of the AFM image (19.6 nm) . This indicates that the obtained value is pixel size limited, which implies that the true line-edge roughness is quite smaller, most probably similar to what was reported before by us for similarly chemically nanolithographied surfaces [31] . The correlation image of the LFM image shown in figure 2(a) , which is the convolution of the image by itself, was computed as described elsewhere [32] , and is displayed in figure 2(c) . From the correlation image, a one-dimensional correlation function, C(r ), was obtained by circular averaging (inset of figure 2(c) ). Because the repeat period of the dots is larger than twice their diameter, the central part of C(r ) is simply the self-correlation of disk-shaped dots along their radius, which can be expressed as
where A and B are two constants related to the gray levels of the background and of the dots, r is the spatial distance, and R is the radius of the disk. This equation was fitted to the central part of the data in the inset of figure 2(c), excluding the first two points which are dominated by the self-correlation of the noise. The value obtained for the diameter (2R) is 680 nm, which is in very good agreement with the 670 nm determined by scanning electron microscopy (SEM) on a sample processed in parallel but for which a titanium lift-off process was applied instead of PDID adsorption. Since the central part of the correlation image concentrates information on the shape of all dots, the value of diameter obtained by this analysis can be considered as statistically significant. Similar results were obtained on stripes of adsorbed PDID as well. Taken together, the sharp edges of the PDID nanofeatures, and the excellent agreement between their sizes and the ones of samples for which a classical Ti lift-off process was applied, indicate that the simple adsorption of PDID through a PMMA lithographied mask, followed by mask dissolution in a proper solvent, is able to provide well-defined nanopatterned chromophoric surfaces.
Therefore, in what follows, all sizes given are referring to values measured on Ti samples obtained by lift-off, because this allows for a much faster determination than AFM. Because the AFM contrast between the PDID regions and their background is weak, it becomes extremely difficult to observe them when their size decreases further. Therefore, LSCM fluorescence images of the patterned surfaces were acquired (figure 3). These images confirm that the simple organic lift-off process successfully results in the formation of chromophore nanopatterns. Indeed, the fluorescence spectra acquired off the stripes or dots correspond to the signal obtained for freshly cleaned silicon substrates, indicating the absence of dye molecules on the PMMA-protected regions. This shows that the dissolution of the mask in chloroform does not result in the dispersion of the chromophore molecules all over the surface, which would have resulted in a smearing of the patterns. In contrast, the fluorescence spectra recorded on the stripes or dots correspond to those obtained by steadystate fluorescence spectroscopy for the PDID layer adsorbed on silicon then washed by chloroform, showing the expected presence of fluorescent aggregates.
The sizes of the nanofeatures imaged by LSCM are, however, larger than the real feature sizes, due to the convolution of the patterns by the diffraction-limited laser spot size. If we consider a Gaussian shape for the spatial distribution of the intensity of the beam of the LSCM setup, where (x 0 , y 0 ) is the location of the center of the beam, σ its standard deviation, and I 0 its integrated intensity, it is easy to obtain the theoretical shape of a fluorescent dot or stripe as imaged by such a beam. For a stripe of width 2w parallel to the y axis, the number of photons emitted and detected per second, when the exciting beam is placed at position (x 0 , 0), is
where f is the number of photons emitted per unit incident intensity. Likewise, for a dot of diameter D = 2R centered on the origin, the number of photons recorded per unit time is, when the exciting beam is placed at position (x 0 , 0), This can be developed to obtain
Note that, by symmetry, The average fluorescence profiles were computed from the LSCM images shown in figure 3 , and are also presented in this figure. For nanostripes, the signal was averaged by adding the LSCM lines acquired perpendicularly to the stripes; for dots, each dot was translated to the origin and added to obtain an average dot, from which an average radial profile was obtained by circular averaging. Equations (3) and (5) were then fitted to the experimental profiles, with ( f I 0 ) and σ as parameters, while holding the size of the features w and R to the values determined by the titanium lift-off. As can be seen in figure 3 , the agreement between the experimental fluorescence and the model is satisfactory, supporting the hypothesis that the PDID adsorption is limited to the expected regions. The average value of σ obtained from the fits is 235 ± 12 nm (with a standard deviation of 41 nm determined on 12 samples). This value, which actually represents the broadening by the whole experimental setup rather than by simply the beam size, varies slightly from experiment to experiment depending on the focusing. The full-width at half-maximum (FWHM) corresponding to this value of σ is FWHM = 2 √ 2 ln(2)σ = 0.55 μm, which is well in the range expected for the spot size of our setup.
Because of the broadening of the images by the imaging system, nanofeatures of real size smaller than ∼300 nm essentially appear as being of a size close to the FWHM of the beam. Nevertheless, it is still possible to obtain information by confocal microscopy on the real size of sub-300 nm nanofeatures, by considering the integrated fluorescence of the nanofeatures. For stripes, the integral of N S over a line drawn perpendicularly to the stripe and of width equal to one pixel is
which is proportional to the stripe width, as expected. Similarly, the integral of fluorescence over a dot is
which is proportional to the area of the dot. Hence, according to equations (6) and (7), I D and I S should align on a single master line, when plotted versus the dot area or stripe width, respectively. The experimental I S and I D were calculated by computing the total fluorescence intensity of the images after background subtraction, and dividing by the number of dots or stripes seen in the image. For stripes, the so-obtained number was further divided by the number of acquisition lines in an image to obtain I S , the integral of intensity perpendicular to a stripe over a width of one pixel. Figure 4 (a) presents I S and I D versus 2w and π R 2 , respectively, for stripe widths ranging from 30 to 400 nm, and for dot diameters ranging from 120 to 670 nm. Smaller dots could not be detected by LSCM, because the emitted intensity was too weak compared to the background. As can be seen, the data obtained from all samples indeed follow a single line, independent of shape and size. There is, however, a considerable scatter about the theoretical line, due to the large background of the images when compared to the fluorescence of the nanofeatures. Furthermore, partial bleaching of the dye during the scans may be a supplementary source of scatter. Nevertheless, the regular and linear decrease of the fluorescent intensity with feature size testifies to the successful limitation of PDID adsorption to the lithographied regions.
Also reported in figure 4 (b) are the fluorescence lifetimes for the PDID layer adsorbed in nanofeatures of varying size, corresponding to the maxima of Gaussian fits to the distributions of lifetimes recorded on ten different regions of the samples. The lifetimes averaged for all sizes and shapes is ∼2.8 ± 0.4 ns, slightly lower than the 3.4 ns found for the homogeneously adsorbed THF-washed PDID layer, which may be due to the minor influence of a population of poorly fluorescent aggregates. A similar observation was also made in a previous paper [4] for the case of coumarin chemically grafted in nanopatterned regions. Nevertheless, the closeness of the lifetimes indicates that the state of aggregation and average packing of the molecules in the nanopatterned regions is similar to the ones of molecules in a laterally infinite layer.
Conclusions
We have shown that a typical aromatic dye, a perylene derivative, can be quasi-irreversibly adsorbed on clean silicon wafers from saturated isopropanol solutions. Therefore, with the selection of a proper solvent, in the present case chloroform, a simple lift-off process could be developed, allowing us to rapidly fabricate nanopatterned fluorescent surfaces. The PDID molecules could be adsorbed through the holes of a lithographied PMMA mask, giving rise to nanosized regions of width as small as 30 nm for stripes and of diameter as small as 120 nm for dots. Numerical analysis of AFM and LSCM images showed that, after PMMA lift-off, the dye is confined to the expected regions, with the integrated fluorescence intensity being essentially proportional to the size of the nanofeatures. Hence, a simple organic lift-off process compatible with clean-room technology, and not involving any slow chemical step, is able to produce photofunctional nanopatterned surfaces, even though the dye does not form valence bonds with the silicon surface. This opens perspectives for the facile fabrication of complex hybrid surfaces, wherein functional aromatic molecules would be adsorbed at specific locations with respect to silicon-implanted components.
